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MicrovibrationAs the accuracy and stability requirements of space structures increase, structural microvibration has
become a critical problem. However the measurement of the in-obit microvibration is difficult and costly
compared to the measurement on the ground. It’s essential to establish the relationship between the
ground test data and in-obit microvibration. In this paper, a model updating method is established to
predict the in-orbit microvibration model using the ground test data. A numerical example of a satellite
model is presented to validate the model updating method.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
As structural microvibration requirements are becoming more
and more severe to ensure the accuracy and stability demands
for the sensitive payloads, it is essential to investigate the
characteristics of microvibration both theoretically and
experimentally. However the measurement of the in-orbit
microvibration is difficult and costly. The microvibration
measurement is more convenient to be implemented on the
ground, whereas there are obvious differences between the ground
and the in-orbit mechanical environment, which will lead to
different microvibration characteristics. Consequently it is very
important to propose a method to transform the ground
microvibration test model to the actual in-orbit model.
The vibroacoustic effect cannot be ignored in the ground
microvibration test. However most of the model updating methods
focus on the structural model updating [1,2]. The issue of model
updating for vibroacoustic systems has not been addressed much.
Model updating through an iterative approach has been conducted
to study the vibroacoustic characteristics of a cavity [3]. An updat-
ing method for 2D acoustic models based on the constitutive rela-
tion error method was proposed by Decouvreur et al. [4]. This
method was extended to the updating of 3D acoustic finite element
models in the literature [5] and the identification of admittance
coefficient of sound absorbing materials [6]. Dhandole et al. [7]
considered the updating of the acoustic finite element models byusing the sequential quadratic programming method. Modak [8]
developed a direct matrix updating formulation for vibroacoustic
finite element models which preserves the symmetry of the mass
and stiffness matrix. Based on the complex acoustic frequency
response function, Wan [9] proposed a new approach for updating
the acoustic finite element model.
The above updating methods are all applied to vibroacoustic
systems, whereas, besides the air effect, the influence of gravity
and free-free configuration should also be taken into account.
These factors affect the microvibration characteristics of the space
structures on the ground. In this paper, a model updating method
considering all the above mechanical environment factors (air,
free-free configuration and gravity) is established based on the
ground test data. A more accurate in-orbit model can be obtained
by removing the above mechanical environment factors from the
updated acoustic finite element model on the ground.Mechanical environment simulation
Free-free configuration
In the ground microvibration test, the space structures are sus-
pended by straps. This free-free configuration on the ground can
achieve small constraint frequency, but the constraint frequency
cannot be zero as in orbit, which will also induce the microvibra-
tion characteristics differences. In order to take the free-free
configuration effect into account, the straps’ mass and stiffness
matrix are added to the initial finite element model.
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Fig. 1. Flow chart of building the model considering the ground mechanical
environment.
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Fig. 2. Flow chart of the model updating method.
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A pre-stress analysis is carried out to calculate the effect of
gravity. The mass matrix is the same as that without gravity. How-
ever the stiffness matrix, which comprises two parts, is different.
The first part is the stiffness matrix without gravity. The second
part is the added stiffness matrix induced by the pre-stress effect.
Air
The influence of air on the ground test model is very important
especially when the modal frequency is relatively low. It is
assumed that air is incompressible and inviscid. The influence of
air can be transformed into the added air mass matrix. The acoustic
boundary element method is adopted as in the literature [10]. The
elements in the literature [10] are all triangular elements. How-
ever, it is not convenient to share the acoustic and structure finite
element partition when most of the structure elements adopt quad
elements and few are triangular elements. In this paper, the
method in the literature [10] is expanded to the combination of
triangular and quad elements so that the acoustic and structure
model can share the mesh partition. Replace Eq. (18) in the
literature [10] by
APQ ¼
Xn
k¼1
Ack ð1Þ
where n is the number of element edges, Ack is the curvilinear inte-
gral on the edge ck, APQ is the influence coefficient between the
point P and Q.
Model updating method
In this paper, a model updating method considering the ground
test mechanical environment including air, free-free configuration
and gravity is established. The objective function is the sum of
squares of the modal frequencies differences between the test data
and the acoustic finite element calculation. The model updating
method is described as follows:
min JðxÞ ¼
Xn
j¼1
Wj
f exp
j
f j
f exp
j
 2
s:t: xli 6 xi 6 xui i ¼ 1;2;   m
9>>=
>;
ð2Þ
where n is the order of the modal that participates in the model
updating, Wj is the weighted coefficient for the jth modal, fjexp is
the jth test modal frequency, fj is the jth calculated modal frequency,
xi is the i th parameter that participates in the model updating, xil
and xiu represent the i th parameter’s lower and upper bounds
respectively, m is the number of parameters that participate in
the model updating.
The acoustic finite element model considering the ground
mechanical environment is established in the first step of the pro-
posed model updating method. The flow chart is shown in Fig. 1.
Firstly the initial finite element model is established, and then
the free-free configuration and gravity field are added. Based on
the pre-stress analysis, the model’s mass and stiffness matrix can
be obtained. The improved boundary element method in
Section ‘‘Gravity” is employed to calculate the added air mass
matrix. The model considering the ground mechanical environ-
ment is finally obtained by adding the added air mass matrix.
The procedure of the model updating method is shown in Fig. 2.
It can be described as follows,
(1) Establish the model considering the ground complex
mechanical environment;(2) Conduct the modal analysis of the model;
(3) If the objective function meets the accuracy requirement,
turn to step (4), or else carry out the sensitivity analysis.
Based on the sensitivities, the updated parameters can be
obtained, and then return to step (1). Based on the updated
parameters, the new acoustic finite element model is
established;
Fig. 4. The convergence curve of the objective function.
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free configuration and gravity, and the in-orbit model is
obtained.
Numerical example
In this section, an example of a simplified satellite model is
presented. The improved boundary element method in Section
‘‘Gravity” is validated using the rectangular cantilever plate in
the literature [11]. The first 4 frequencies of the plate in the
literature [11] are 6.00 Hz, 33.10 Hz, 40.10 Hz and 112.60 Hz
respectively. Using the improved boundary element method, the
first 4 order frequencies are 6.07 Hz, 32.36 Hz, 40.60 Hz and
109.10 Hz respectively. The relative errors of frequencies are
1.17%, 2.24%, 1.25% and 3.11% respectively. This proves that the
improved boundary element method is fairly good in estimating
the effect of air. An acoustic finite element model of the ground test
considering the ground mechanical environment is built, which is
shown in Fig. 3. The effect of air is transformed into the node mass
as the triangles at nodes in Fig. 3.
The objective function is chosen as the sum of the relative
square errors of the first 10 frequencies differences between the
test data and the acoustic finite element calculation. Three vari-
ables, which are sensitive to the frequencies, are selected as the
updating parameters: the elastic modulus of the inner beams E1,
the equivalent elastic modulus of the honeycomb sandwich plate
E2, and the thickness of the honeycomb sandwich plate. The
convergence curve of the objective function is shown in Fig. 4.
The iteration of the parameters is shown in Fig. 5. The iteration
curve of the first 3 order frequencies is shown in Fig. 6. After 5 iter-
ations, the procedure converges, the updated model considering
the ground mechanical environment is obtained. Remove the mass
matrix and stiffness matrix induced by air, free-free configuration
and gravity, the in-orbit model is obtained.
The Modal Assurance Criterion (MAC) [12] value is used to val-
idate the consistency of modal shape between the test model and
the updated model. The MAC is defined as follows:
MAC ¼ ðw
H
1w2Þ
2
wH1w1w
H
2w2
ð3ÞFig. 3. Finite element model of the ground test.
Fig. 5. The iteration curve of the updating parameters.
Fig. 6. The iteration curve of the first 3 order frequencies.
Table 1
The MAC values of the test modal shapes and the updated finite element modal shapes.
Modal order 1 2 3 4 5 6 7 8 9 10
MAC value 0.997 0.989 0.986 1.000 1.000 1.000 1.000 1.000 1.000 1.000
J. Xiang et al. / Results in Physics 6 (2016) 530–533 533where w1,w1 are the two vectors representing the modal shapes of
the updated model and the test model. If they are in the same direc-
tion, the value of MAC is 1. The better the consistency is, the larger
the value of MAC is. The MAC values between the updated modal
shapes and the test modal shapes are shown in Table 1. The smallest
value of MAC is 0.986 which shows good consistency of modal
shapes between the updated model and the test model.
Conclusions
In this paper, a model updating method considering the
complex mechanical environment is proposed. The method is the
combination of the structural finite element method, acoustic
boundary element method and the sensitivity analysis method,
which is practical in engineering. As the influence of air, free-free
configuration and gravity are considered in this method, a more
accurate in-orbit model could be obtained for the microvibration
analysis.
The proposed method can be extended to other problems which
is difficult to test in a single mechanical environment. Based on the
test data in a convenient environment and the proposed model
updating method, the mechanical characteristics in the other envi-
ronment can be obtained.
Acknowledgements
The authors gratefully acknowledge the support from the
National Natural Science Foundation of China under grant Nos.
11402014 and 11572023.References
[1] Xiang J, Ren G, Lu Q. Synthesis technique for the nonclassically damped
structures using real schur vectors. AIAA J 1999;37(5):660–2.
[2] Luo Z, Xiang J. Novel modal method for efficient calculation of complex
eigenvector derivatives. AIAA J 2007;45(6):1406–14.
[3] Dhandole S, Modak SV. On improving weakly coupled cavity models for vibro-
acoustic predictions and design. Appl Acoust 2010;71(9):876–84.
[4] Decouvreur V, Bouillard P, Deraemaeker A, et al. Updating 2D acoustic models
with the constitutive relation error method. J Sound Vib 2004;278(s4-
5):773–87.
[5] Decouvreur V, Ladevèze P, Bouillard P. Updating 3D acoustic models with the
constitutive relation error method: a two-stage approach for absorbing
material characterization. J Sound Vib 2008;310(4–5):985–97.
[6] Progneaux A, Bouillard P, Deraemaeker A. A model updating technique based
on the constitutive relation error for in situ identification of admittance
coefficient of sound absorbing materials. J Vib Acoust 2015;137(5):051013.
[7] Dhandole S, Modak SV. A constrained optimization based method for acoustic
finite element model updating of cavities using pressure response. Appl Math
Model 2012;36(1):399–413.
[8] Modak SV. Direct matrix updating of vibroacoustic finite element models using
modal test data. AIAA J 2014;52(7):1386–92.
[9] Wan Z, Wang T, Huang Q, et al. Acoustic finite element model updating using
acoustic frequency response function. Finite Elem Anal Des 2014;87:1–9.
[10] Zhou Y, Li Y, Shen Z, et al. Numerical analysis of added mass for open flat
membrane vibrating in still air using the boundary element method. J Wind
Eng Ind Aerodyn 2014;131:100–11.
[11] Jeans RA, Mathews IC. Solution of fluid-structure interaction problems using a
coupled finite element and variational boundary element technique. J Acoust
Soc Am 1990;88(5):2459–66.
[12] Allemang RJ. The modal assurance criterion (MAC): twenty years of use and
abuse. J Sound Vib 2002;37(8):14–23.
